Background-Local drug delivery from polymer-coated stents has demonstrated efficacy for preventing in-stent restenosis; however, both the inflammatory effects of polymer coatings and concerns about late outcomes of drug-eluting stent use indicate the need to investigate innovative approaches, such as combining localized gene therapy with stent angioplasty. Thus, we investigated the hypothesis that adenoviral vectors (Ad) could be delivered from the bare-metal surfaces of stents with a synthetic complex for reversible vector binding. 
S tent angioplasty has resulted in a paradigm shift in the treatment of occlusive vascular disease; however, neither bare-metal stents (BMS) nor polymer-coated drug-eluting stents (DES) represent ideal therapies at this time. [1] [2] [3] Therefore, the present research focused on a molecular therapy approach to improved stent angioplasty with investigations of gene-delivery stents. Gene delivery from stents was first reported by our group using a poly(lactide-co-glycolide) polymer-coated stent, 4 and investigations by others [5] [6] [7] have also established the efficacy of this approach with several different therapeutic genes. Local delivery of gene therapy vectors from stents represents an advantageous strategy from several standpoints. Higher local arterial concentrations of gene vectors can be achieved at sites of disease activity with stent immobilization than with nonimmobilized vectors administered as an injectable suspension, while avoiding the distal spread of vectors. In addition, because cell activation and proliferation in the setting of in-stent restenosis are observed primarily in the vicinity of stent struts, 8 the tethering of gene vectors to stent wires approximates vectors to the anticipated site of action.
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A paramount consideration in the design of gene-delivery stents is the method of gene vector attachments to stents. Bulk polymer coatings on stents result in an inflammatory response that has been observed regardless of the type of polymer used or the therapeutic agent delivered. 9 Thus, our group previously investigated gene vector delivery from the bare-metal surfaces of stents using a surface pretreatment with a customsynthesized, water-soluble polybisphosphonate that provided a molecular monolayer for the affinity binding of adenovirus (Ad) vectors to the stent surfaces via anti-Ad antibody or a recombinant protein, D1, which consisted of the adenovirus-binding domain of the coxsackie adenovirus receptor. 10 However, protein-based local delivery poses a number of important challenges for translational directions, including structural stability issues, species specificity, and vectoraffinity optimization factors. Therefore, in the present studies, we investigated an entirely synthetic strategy for tethering viral vectors to the bare-metal surfaces of stents. We sought to create a 3-component synthetic complex that includes a bifunctional (amine-and thiol-reactive) cross-linking agent (HL) for reactive binding to both the gene vector and the stentsurface-associated polybisphosphonates and incorporates a central hydrolyzable ester bond that enables vector release. The other components of the complex are a water-soluble polybisphosphonate that binds to the metallic surface of the stent, with engrafted latent thiol groups (PABT) for thioconjugation reactions, and a thiol amplifier, PEI(PDT), to enable increased levels of HL-Ad complexes to be attached to stent surfaces with thiol-based reactions.
Methods
Complete details of the research methods used in the present study are available in the online Data Supplement.
PABT/PEI(PDT) Pretreatment of Steel Surfaces and Subsequent Adenovirus Immobilization
Adenovirus immobilization on steel surface was achieved by the subsequent exposure of stainless steel stents and meshes to aqueous solutions of PABT and PEI(PDT), followed by covalent attachment of HL-modified viral vectors (see Data Supplement for details of chemical synthesis [supplemental Figures I through III] and vector immobilization). Adenoviral vectors that contain the genes for green fluorescent protein (GFP), firefly luciferase (Luc), and human inducible nitric oxide synthase (iNOS) are fully described in the Data Supplement.
Cell Culture Experiments
Animal experiments were approved by the IACUC of the Children's Hospital of Philadelphia in accordance with National Institutes of Health Guidelines. Rat aortic smooth muscle cells (A10 cells; ATCC, Gaithersburg, Md) were cultured to 90% confluence. To determine any potential detrimental effects of HL modification on adenovirus infectivity, A10 cells were transduced with Ad GFP modified with HL concentrations of 0, 25, 75, or 225 mol/L at an adenovirus multiplicity of infection (MOI) of 1000. In the experiments that compared the relative effectiveness of nonimmobilized and mesh-tethered adenovirus vectors, equal amounts of free and mesh-immobilized Ad GFP (1.6ϫ10 8 particles) were added in triplicate into wells of 96-well plates either immediately on formulation or after a lag period of 20 hours' storage in PBS at 37°C. In separate experiments, 1.6ϫ10 8 mesh-immobilized or 2ϫ10 9 unmodified Ad GFP particles (a dose shown to achieve comparable expression to that of the immobilized counterpart) were exposed to escalating titers of neutralizing anti-knob antibody for 15 minutes before and then for the duration of transduction of A10 cells. In all in vitro studies, GFP expression was assessed after 48 hours by fluorescence microscopy and by live cell fluorometry (485 to 535 nm). To determine iNOS activity after transduction of A10 cells with unmodified (MOI 1 to 500; virus particle number range 2.74ϫ10 6 to 1.37ϫ10 9 ) or meshtethered (1.6ϫ10 8 particles) Ad iNOS , nitrite concentrations in the conditioned media were assayed by the Griess method. 11
Rat Carotid Stent Angioplasty
Carotid stent angioplasties were performed in 450-to 500-g male Sprague-Dawley rats (Taconic Farms, Hudson, NY). Either BMS NIR stents (8 mm length; Boston Scientific, Natick, Mass) or the same stents formulated with 10 9 particles of Ad GFP , Ad Luc , or Ad iNOS immobilized via HL tethering were used throughout the in vivo experiments. Animals implanted with Ad GFP -configured stents (nϭ5) and respective BMS controls (nϭ5) were euthanized 2 and 7 days after stenting for reverse-transcription polymerase chain reaction and reporter-expression studies. Rats treated with Ad Luc (nϭ4) and control BMS (nϭ4) underwent bioluminescence imaging (IVIS 100, Xenogen, Alameda, Calif) 5 minutes after local perivascular application of 3 mg of luciferin dissolved in 300 L of 25% Pluronic gel (BASF Corp, Florham Park, NJ). Rats treated with either deployed Ad iNOS (nϭ10) stents or control (nϭ10) BMS were euthanized 14 days after stenting. The stented carotid arteries were perfusion-fixed with formalin and embedded in methyl methacrylate (Technovit 9100, Heraeus, Kulzer, Germany).
Statistical Methods
Data are expressed as meanϮSE. The significance of differences between means of experimental groups was determined with Student's t tests.
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results

Surface Immobilization of Adenovirus Vectors
The surfaces of the stainless steel stents and meshes were rendered thiolated by a buildup of a PABT molecular monolayer and subsequent deprotection of thiol groups with a reducing agent, TCEP [tris-(2-carboxyethyl) phosphine; Figure 1A] . This strategy by itself was sufficient to achieve a significant binding of thiol-reactive adenovirus particles on the surface of model steel samples ( Figure 1B) ; however, we chose to expand the amount of available thiol groups on the metal surfaces using an additional exposure of thiol-activated metal samples to an aqueous solution of PEI(PDT). Importantly, only a small fraction of the PDT groups in PEI(PDT) are consumed in the reaction with surface thiols (from PABT), which leaves the bulk of the PDT groups intact to effectively amplify the vector binding capacity. An additional reduction step with a reducing agent, DTT, was used to selectively reduce PDT disulfides into thiols while preserving disulfide bridges between PABT and PEI(PDT). 12 Using a novel thiol quantification assay based on the reversible binding of the thiol-reactive dye AMCA-HPDP, we demonstrated that this amplification protocol resulted in a 4.5-fold increase of reactive thiol groups on model steel surfaces (739.3Ϯ45.9 versus 164.5Ϯ9.7 pmol/cm 2 ; supplemental Figure IV) and led to more effective adenovirus tethering (compare Figure 1B and 1C) .
In parallel with the steel surface modification, a fraction of the lysine residues in the capsid proteins of adenovirus vectors were covalently modified with a bifunctional (amineand thiol-reactive) HL. Finally, HL-modified adenovirus vectors were tethered via disulfide bridges to the metal surfaces with a conjugation reaction between HL-derived PDT groups and thiol groups introduced onto the metal surfaces through the PABT/PEI (PDT) interaction ( Figure  1A ). Because the resultant disulfide bonds are stable under the nonreducing conditions of the extracellular microenvironment, 13 the release of immobilized adenovirus and ensuing gene transfer in vitro and in vivo rely solely on the ester hydrolysis in the HL backbone ( Figure 1A ). The rate of
Fishbein et al Local Gene Delivery From Bare-Metal Stents
hydrolysis is dependent on the specific chemical context in which the ester group is positioned and therefore potentially can be modulated by the use of HL possessing identical amino-reactive and thiol-reactive functionalities but differing in the backbone structure adjacent to the hydrolyzable ester link (not shown).
The binding of adenovirus vectors on the surfaces of steel meshes ( Figure 1B and 1C) and stents ( Figure 1D ) was confirmed by fluorescence microscopy with adenovirus comodified with both hydrolyzable HL and the amino-reactive fluorescent dye Cy3-NHS 2 . Cy3-labeled adenovirus was undetectable on steel surfaces that were not modified with PABT/PEI(PDT) ( Figure 1E ). Furthermore, atomic force microscopy of the stainless steel mesh surface derivatized via PABT/PEI(PDT) and exposed to HL-modified adenovirus vector ( Figure 1F ), but not control mesh formulated without PABT and exposed to the same vector ( Figure 1G ), demonstrated copious surface coverage with morphologically intact adenovirus particles.
Previous research by our group had shown that the aqueous bisphosphonate exposure described above did not result in a macroscopic coating but instead formed a molecular monolayer several angstroms in thickness, as demonstrated by x-ray photoelectron spectroscopy. 10 For the present formulations, scanning electron microscopy studies were performed that also demonstrated that PABT/PEI(PDT) aqueous pretreatment of the steel surfaces did not result in a detectable coating (supplemental 
Release of Surface-Immobilized Adenovirus Vectors
To determine the release rate of HL-immobilized adenovirus from the PABT/PEI(PDT)-modified stainless steel surfaces, we prepared steel mesh disks with HL-treated, Cy3-labeled adenovirus and quantified the release of vector as the decrease of surface-associated fluorescence ( Figure 2) . As predicted by the postulated mechanism of release via HL hydrolysis, a sustained release of surface-tethered vector was observed, with 50% of the vector load detached after 2 weeks. Figure I ) that possessed a hydrolyzable ester bond separating fragments Z1 and Z2. Stainless steel meshes or stents were consecutively exposed to a solution of polyallylamine bisphosphonate comprising latent thiol groups (PABT) and a reducing agent, TCEP, to activate thiol groups on the surface. To expand the amount of available thiol functions, a subsequent treatment with polyethyleneamine modified with pyridyldithio groups, PEI(PDT), and DTT was used. Finally, HL-modified adenoviral vectors reacted with thiolated metal surfaces, which led to covalent tethering of adenovirus. The subsequent release of covalently immobilized adenovirus is dependent on the hydrolysis of the ester bond in the HL backbone. B through E, Fluorescence microscopy demonstrating Cy3-labeled adenovirus (red) tethered to steel surfaces (rhodamine filter set, 100ϫ magnification for B, C, and E; 200ϫ magnification for D). The absence of the PEI(PDT) amplification step (B) results in less vector binding than with the amplification protocol (C, D), whereas no PABT modification of the steel surface precludes adenovirus attachment (E). F through H, Atomic force microscopy of PABT/PEI(PDT)-modified and plain, nonmodified stainless steel surface after exposure to HL-modified adenovirus. Atomic force microscopy confirms the presence of adenovirus on the surface of steel mesh formulated according to the amplification protocol (F), whereas no vector binding was observed with the mesh that was not derivatized with PABT (G); the bar length in F and G is 1 m. H, Atomic force microscopy depth scale. More than 20% of adenovirus was still associated with the steel surface after 30 days (Figure 2) .
Impact of the Extent of Adenovirus Surface Modification on Vector Infectivity
The infectivity of adenovirus was previously shown to depend on interactions between the fiber knob domain of adenovirus and the coxsackie adenovirus receptor on the surface of susceptible cells, 14 as well as on the engagement of cell-surface ␣ v␤5 -integrins by the penton base proteins of the viral capsid. 15 Random covalent modifications of capsid proteins with HL could potentially involve residues crucial for adenoviral vector receptor binding and internalization and therefore could hypothetically adversely affect the ability of modified vectors to transduce vascular cells. To elucidate potential deleterious effects of HL modification on virus infectivity, we transduced subconfluent A10 cells with an equal amount of either nonmodified Ad GFP particles or Ad GFP modified with 25, 75, and 225 mol/L HL. As illustrated in Figure 3A , no decrease of adenovirus transduction capacity, as assessed by GFP fluorometry of transduced cells, was observed with HL concentrations up to 75 mol/L. Higher concentrations of HL in the reaction mixture (225 mol/L) resulted in an 82% drop of the infective adenovirus titer. Thus, the 75-mol/L concentration of HL, which has no impact on the ability of adenovirus vector to transduce smooth muscle cells, was used for all subsequent in vivo experiments. In support of these observations, we also showed that the increase in apparent molecular weight of the most abundant capsid protein, hexon, due to covalent modification with a crosslinker was proportional to the HL concentration and was clearly observed with an HL concentration as low as 50 mol/L in the reaction mixture ( Figure 3B ).
In Vitro Transduction With HL-Immobilized Adenovirus
For the cell culture transduction experiments, 316L steel mesh disks were formulated with HL-tethered Ad GFP . Placement of these disks on top of confluent A10 cells resulted in 98% transduction of cells underlying the disks with virtually no GFP expression in distal cells ( Figure 4A ). The same amount of Ad GFP administered as a free vector suspension in cell culture media resulted in significantly lower transgene expression ( Figure 4A ).
HL-Ad 37°C Stability Studies: Cell Culture Results
Adenovirus vectors are known to be temperature-labile, and their infectivity rapidly deteriorates at 37°C. 16 The instability of adenovirus vector can hypothetically lead to circumstances in which adenovirus particles that are not released immediately from the surface of metal implants are infection/ transduction-defective on their release at delayed time points. To address this potential stability problem, we stored Ad GFPconfigured mesh disks in PBS at 37°C for 20 hours before placement into A10 cell culture. No significant decrease of GFP expression was observed with HL-immobilized Ad GFP as the result of this 37°C exposure. In contrast, exposure of nonimmobilized Ad GFP to 37°C temperatures resulted in a profound decrease of infectivity ( Figure 4B and 4C ).
HL-Ad Resistance to Neutralizing Antibodies: Cell Culture Results
Preincubation of nonimmobilized Ad GFP with 0.5 mol/L neutralizing antibody before infection of A10 cells resulted in a 95% decrease of ensuing transgene expression. However, the exposure of mesh disks with HL-immobilized Ad GFP to the same antibody at a 500-fold higher concentration did not affect focal GFP expression in the cells underlying the disks ( Figure 4D and 4E) . Thus, covalent tethering of adenovirus to the steel disks conferred protection from neutralizing antiknob antibodies, which are prevalent in both laboratory animals 17 and humans 18 and represent a formidable problem for successful adenovirus-based gene therapy.
In Vivo Studies: HL-Ad Reporter Results
To characterize vascular gene delivery from the stent surfaces in vivo, Ad Luc and Ad GFP were separately reacted with HL, followed by tethering to the surface of PABT/PEI (PDT)-modified stainless steel stents with HL. Overall arterial transgene expression was determined by intravital bioluminescence performed 2 days after HL-modified Ad Luc stent deployment in rat carotid arteries. A robust signal emitted from the stented segment of carotid arteries was present in all tested animals ( Figure 5A and 5C). No spread of luminescent signal to the nonstented portion of arteries or to adjacent anatomic structures was noted. Furthermore, an absence of luciferase activity was noted in the rats implanted with control BMS (without PABT exposure) incubated with HLmodified Ad Luc (Figure 5B and 5C) . 
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To obtain a spatial assessment of the reporter-expression distribution after stent-based adenoviral vector delivery, the HL/Ad GFP -modified stents were deployed in an additional series of rats. Arteries retrieved at 2 and 7 days after stenting were assessed for GFP fluorescence by 2 methods: quantitative DAB-peroxidase immunohistochemistry 10 and confirmatory fluorescence microscopy. 10 Per immunochemical analysis, GFP-positive cells were abundant in parietal thrombus, media, and adventitia of the arteries harvested 2 days after stenting (Table 1) . Likewise, GFP-transduced cells were demonstrated in the media, adventitia, and nascent neointima of arteries retrieved 7 days after deployment of Ad GFPconfigured stents ( Figure 5D ; Table 1 ), whereas only background nonspecific staining was seen in arteries treated with control BMS ( Figure 5E ) at both time points. However, the distribution of GFP-immunopositive cells was comparable and not statistically different in both the 2-and 7-day explants (Table 1 ). Furthermore, we were able to confirm the presence of GFP-transduced cells by direct fluorescent microscopy ( Figure 5F ) after Evans blue staining, which shifts the autofluorescence of elastin into the red part of spectrum and unmasks the characteristic GFP-related signal. 10 Polymerase chain reaction studies confirmed the presence of Ad GFP vector in the arterial segments underlying stents and demonstrated that no distal vector spread from the stented carotid segments to liver, spleen, blood, kidney, or myocardium (supplemental Figure VI) . In addition, ongoing transcription of the GFP transgene at the 2-and 7-day time points was confirmed in stented but not in contralateral carotid segments by reverse-transcription polymerase chain reaction (supplemental Figure VII) . Furthermore, with Cy3-labeled, HL-immobilized Ad GFP , extensive surface coverage of stents harvested at day 7 after stenting with fluorescent vector particles was observed consistently (supplemental Figure VIII) .
Ad iNOS Delivery: Cell Culture Studies With HL-Immobilized Ad iNOS
Nitric oxide is a key regulator of vascular homeostasis, with established antirestenotic properties. 19 To investigate whether the production of nitric oxide in cultures of smooth muscle cells can be increased on delivery of reversibly immobilized Ad iNOS , the conditioned media of A10 cells treated either with 1.6ϫ10 8 particles of Ad iNOS tethered to steel mesh disks via HL-PABT reactions as above or with incremental amounts of free Ad iNOS were analyzed. Although transduction with free Ad iNOS resulted in a dose-dependent increase in nitrites (as the stable end product of nitric oxide metabolism) in conditioned media, localized gene delivery with the Ad iNOS -tethered mesh disks resulted in the accumulation of nitrites that corresponded to transduction with free Ad iNOS at an MOI of 150 ( Figure 6A ).
In Vivo Studies: HL-Ad iNOS Results
In the therapeutic arm of the present studies, Ad iNOS , which drives the synthesis of the inducible form of nitric oxide synthase, was used. This vector previously has been shown by us 10 and others 20 -22 to provide antirestenosis efficacy when delivered in conjunction with balloon injury 20 or stenting. 22 In the present studies, an overexpression of iNOS in rat carotid arteries after deployment of stents configured with our synthetic complex that released an HL-modified vector resulted in a 56% reduction of neointimal formation as assessed by neointima/ media ratio (Figure 6B and 6C ; Table 2 ). The extent of cross-sectional stenosis was also reduced significantly as the result of Ad iNOS delivery from stents ( Table 2) .
Discussion
These investigations addressed the challenge of arterial gene transfer with a novel stent-based gene-delivery system based on a synthetic complex for direct chemical coupling of gene Transduction was determined by fluorometry in the well-scan mode. B and C, 37°C incubations do not diminish immobilized adenovirus transgene activity, unlike with free adenovirus. The formulations of mesh-tethered or free adenoviral vector were added to cells either immediately on preparation or after 20 hours' storage in PBS at 37°C. Transduction was determined by fluorescence microscopy (B) with the FITC filter set, at 40ϫ, and by fluorometry in the well-scan mode (C). D and E, Neutralizing anti-Ad antibodies do not diminish immobilized adenovirus transgene activity, unlike free adenovirus controls: PABT/PEI(PDT)-treated stainless steel meshes (1.6ϫ10 8 Ad GFP per mesh) or 2ϫ10 9 free Ad GFP particles were exposed to neutralizing anti-knob antibody before infection of the cells (see Methods for details). Transduction was determined by fluorescence microscopy (D) with the FITC filter set, 40ϫ, and by fluorometry in the well-scan mode (E). Ab indicates antibody.
vectors to the surface of BMS via labile HL that are capable of releasing vector on spontaneous hydrolysis. Prior reports 23, 24 have demonstrated that suppressed neointimal growth can resume if the inhibiting impact is withdrawn prematurely, which indicates the need for sustained release of gene vector over a 2-to 4-week vulnerable period; however, in studies by others, up to 90% of the gene therapy payload passively immobilized in stent coatings is typically released within 12 to 24 hours. 5, 7 In the present studies, the stents formulated with HL-tethered Cy3Ad and explanted at 7 days after deployment demonstrated significant surface coverage with labeled adenovirus vector (supplemental Figure VII) . Conceptually, vector release rates could be modulated by the use of HLs with different chemical structures, with faster or slower hydrolysis rates, or perhaps by use of a mixture of HLs with different hydrolysis kinetics. This could enable the development of a truly disease-tailored gene-delivery platform with the peak of vector release adjusted to a specific, pathophysiology-based time course.
Although we used adenoviral vectors in the present study, the synthetic complex reported herein could be used to tether any type of viral gene therapy construct to metal surfaces. Furthermore, pharmaceuticals could be subjected to thiol derivatization and then, hypothetically, could also be linked 9 particles of Ad GFP immobilized by a PABT/PEI(PDT)/HL conjugation strategy. Animals stented with Ad GFP stents (D) or control BMS (E) were euthanized 7 days after stent deployment. Cryoembedded arterial sections were immunostained with DAB/peroxidase (brown staining) with anti-GFP antibody and counterstained with hematoxylin. Original magnification ϫ200. F and G, Ad GFP immobilized on stent surfaces: fluorescent microscopy studies. Stainless steel NIR stents were formulated with 10 9 particles of Ad GFP immobilized by a PABT/PEI(PDT)/HL conjugation strategy. Animals stented with Ad GFP stents (F) or control BMS (G) were euthanized 7 days after stent deployment. Sections were directly examined for GFP fluorescence after Evans blue/DAPI staining. F and G are merged images obtained with DAPI, FITC, and rhodamine filter sets; original magnification ϫ200. 
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to metal surfaces with the synthetic complexes, which raises the possibility of multiple local-delivery strategies that could incorporate synergistic therapeutic agents. It is also noteworthy that the synthetic complex used in the present study could be used to incorporate a peptide layer onto metal surfaces to enhance cellular interactions (for example, RGD-containing peptides could be used to promote reendothelialization).
Although the present studies focused on delivery mechanisms and demonstrated both efficient reporter transgene expression and anti-in-stent restenosis efficacy in a rat carotid stent angioplasty model, the results presented herein have certain limitations. The rat carotid stent angioplasty model system has been investigated and validated by others [25] [26] [27] [28] [29] [30] [31] and reproduces key aspects of poststenting arterial injury that are comparable to observations in large-animal models and human clinical pathology investigations. 25, 27 Nevertheless, preclinical studies in general use large-animal models, such as pig coronary stenting; therefore, translational directions for the present approach should investigate largeanimal stent angioplasty efficacy. Furthermore, there has been a paucity of studies in animal models assessing gene therapy for in-stent restenosis in a disease setting. 6 Thus, the present formulations for gene-delivery stents ideally should be further investigated in large-animal disease models that come closest to human pathophysiology to elucidate both delivery mechanisms and efficacy.
It is concluded that a synthetic complex can mediate local, sustained release of adenovirus-gene vectors from metallic surfaces. The complex, which consisted of PABT/PEI(PDT)-pretreated metallic surfaces that in turn can tether HL-reacted adenovirus, results in the controlled release of active adenoviral vectors, enhanced vector stability, and efficient transgene expression in vitro and in vivo and is effective for inhibiting in-stent restenosis via local delivery of Ad iNOS . 
